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Abstract: Polymeric membranes are important tools for intensifying 
separation processes in chemical industries concerning strategic 
tasks such as CO2 sequestration, H2 production and water supply 
and disposal. Mixed-matrix and supported membranes have been 
widely developed, recently many of them based on metal-organic 
frameworks (MOF). However, most of MOF impacts within the 
polymer matrix have yet to be determined. In this work, the effects 
related to thermal behavior arising from the combination of MOF ZIF-
8 and polysulfone are quantified. The catalyzed oxidation of the 
polymer is strongly affected by the MOF crystal size and distribution 
inside the membrane. 
Because of their cheap availability and shaping, polymer-
based membranes are nowadays used extensively at industrial 
scale for crucial processes such as reverse osmosis, 
nanofiltration, purification of effluent streams and gas 
separation.[1] Every new membrane technology deployed 
advances into the energy effectiveness and the intensification of 
chemical processes. For this reason the environmentally friendly 
membrane technologies are considered a real solution to stop 
climate change: in situ CO2 sequestration and purification of H2 
for its application as an emission-free fuel are two examples of 
feasible membrane-based processes.[1b,2] 
One strategy receiving considerable attention for improving 
the fluxes and selectivities of membranes and making them 
more economically attractive is the addition of nanodesigned 
materials as membrane fillers.[3] MOFs (metal-organic 
frameworks) and specifically ZIFs (zeolitic imidazolate 
frameworks, a subclass of highly thermally and chemically stable 
MOFs) play a key role in this context.[1c,1d,4] Their organic 
moieties and intrinsic flexibility ensure compatibility and bonding 
with the polymeric membrane, while their regularly sized and 
tunable micro- or mesoporosities help to attain a selective and 
efficient separation.[5] However, there are many other issues 
arising from the addition of MOFs as fillers of a polymer matrix 
that have yet to be studied in depth, e.g. loss of thermal stability 
and changes in the mechanical properties of the polymer such 
as rigidification.[3c,6] These effects may involve significant costs 
for membrane manufacturers. 
This work examines changes in the thermal stability of 
composites containing prototypical materials for gas separation 
membranes: ZIF-8 and polysulfone (PSf), a widely used sulfur-
containing thermoplastic.[2a,7] For this purpose, these composites 
were submitted to temperatures far above the usual working 
conditions (even above the glass transition temperature of the 
PSf) to evaluate the alterations in the thermal stability which 
were correlated with the nature of the corresponding composite.  
ZIFs (including ZIF-8) were first dispersed and mixed within 
the polymer solution to produce the so-called mixed-matrix 
membranes (MMMs).[8] Recently, hollow fiber (HF) polymeric-
supported MOF membranes have appeared, taking advantage 
of their valuable shapes.[9] Both MMMs and HF-supported MOF-
polymer composite membranes are intended to solve important 
future challenges in strategic fields such as water supply, 
wastewater treatment and gas separation.[10] Nevertheless, most 
of the effects deriving from the addition of a ZIF to  a polymer 
have yet to be determined. 
Figure 1. Scanning electronic microscopy (SEM) images of composite ZIF-
8@PSf materials containing nanosized (a) and microsized (b) MOF crystals on 
an asymmetric highly porous flat polysulfone support. Cross-section image of 
48 wt% ZIF-8 MMM, MMM48@PSf (c). TG curves of the micro- and nanosized 
ZIF-8 powders, oxidized in air atmosphere at a 10 ºC·min
-1
 rate; inset shows 
the DTG curves (d).  
Figure 1 shows the synthesized ZIF-8-containing composite 
materials. Depending on the ligand to metal ratio in the solution 
media, micro- or nanosized MOF crystals were supported on 
porous PSf supports.[7] It can be observed that while 28±2 m 
micrometer-sized crystals were stuck on the polymer surface 
and grown inside the pores, not all the surface was completely 
covered. Nevertheless, 140±20 nm nanosized ZIF-8 completely 
coated the polymer surface. This nanosized ZIF-8 was also used 
as powder to fabricate 16 and 48 wt% MMMs with PSf. Figure 
S1 shows XRD spectra of the fabricated materials. 
Thermogravimetric (TG) curves of these composite materials 
from 25 to 750 ºC at a heating rate of 10 ºC·min-1 in an air 
atmosphere were obtained, together with those of the pristine 
PSf supports, porous and dense, and the ZIF-8 powders. It is 
clearly observed that, in the presence of ZIF-8, the two stages in 
[a] F. Cacho-Bailo, Dr. C. Téllez and Prof. Dr. J. Coronas 
Chemical and Environmental Engineering Department and Institute 
of Nanoscience of Aragón (INA) 
University of Zaragoza 
María de Luna, 50018, Zaragoza (Spain) 
E-mail: coronas@unizar.es 
Supporting information for this article is given via a link at the end of 
the document. 
the porous PSf degradation took place at much lower 
temperatures (Figure 2 and Table 1). The maximum weight loss 
rate in the former thermal decomposition occurred in the Micro- 
and NanoZIF-8@PSf materials, respectively, at temperatures 
(Tmax) 60 and 57 ºC below that corresponding to the pure porous 
PSf (526 ºC). Similarly, the latter oxidation step (related with the 
combustion of aromatic carbon and residues from thermal 
decomposition) took place at temperatures 72 and 80 ºC below 
that corresponding to the raw polymer (625 ºC) in the two above 
mentioned composite materials, both being completely degraded 
before reaching 600 ºC. In the case of the MMMs (16 and 48 
wt% ZIF-8 loaded) the same trend was observed: the 
temperatures of the weight loss rate maxima were reduced 56 
and 96 ºC in the MMM48@PSf curve. TG analyses in an inert 
atmosphere, where ZIF-8 degrades at higher temperatures than 
PSf, showed similar effects. Therefore Zn particles catalyzed the 
polymer degradation both being part of the crystalline ZIF-8 and 
as ZnO (Figures S2 to S4 and Table S1). Finally, Tmax values in 
Table 1 are far above the regular operating temperatures for this 
kind of membranes, in this case always below the corresponding 
glass transition temperature of PSf (189 ºC). [3a] 
Figure 2. TG curves of the supported NanoZIF-8@PSf (a) and the 48 wt% 
ZIF-8 MMM (b) composite materials (solid black) compared with the pristine 
PSf (dashed black, porous and dense, respectively) when oxidized in air 
atmosphere at 10 ºC·min
-1
. Grey curves show the simulated TG curves
(powder/polymer linear combination) when no interactive effect is considered. 
MOF loading was obtained from residue at 750 ºC considered as ZnO. Insets 
show the weight loss rate with the temperature. Degradation steps occurred at 
lower temperatures than expected in the composite materials due to the 
catalytic effect of the metallic part of the ZIF-8 (striped areas), the influence of 
ZIF-8 in a porous support being much more effective (see also Figure S13).  
This significant loss in the thermal stability of the polymer 
support and therefore in the membrane (see striped areas in 
Figure 2) was related with the catalytic effect of the Zn metal 
particles from the MOF,[11] already as ZnO because ZIF-8 
degrades at lower temperatures, as shown below. Consequently, 
the composite membranes reduced their thermal stability. This 
phenomenon could be even stronger with other MOFs 
containing more catalytically active metals, such as Co-based 
ZIF-9 or ZIF-67.[12] 
Zn catalyzed both the thermal decomposition and the 
oxidation stages of the polymer, whose apparent activation 
energies (Ea) clearly diminished. These energies were 
calculated by a differential method, based on the conversion 
extent,[13] and the integral adjustments developed by Kissinger 
and Ozawa.[14] All the TG analyses at four different heating rates 
(2, 5, 10 and 20 ºC·min-1, Figures S5 to S14) and the equations 
applied are shown in the Supporting Information. Table 1 shows 
the Ea values of the two degradation steps in the pure PSf and 
the composite fabricated materials, calculated by the conversion 
differential method. Significant reductions were observed in the 
energies both in the thermal decomposition and the oxidation 
(being as high as 56 % for the porous polymer decomposition in 
the presence of microsized ZIF-8 and -53 % in the case of the 
MMMs). This is the first time the catalytic effect of the metal 
clusters of a MOF on the degradation of a composite membrane 
causing the previously discussed loss of thermal stability has 
been quantified. Integral methods led to similar conclusions 
(Table S2).  


































































[a] Calculated from the averaged residue at 750 ºC considered as ZnO. 
[b] Maximum weight loss rate temperature of each step (i.e. thermal 
decomposition and oxidation) extracted from the DTG curves at 10 
ºC·min
-1
. [c] Apparent activation energies of each reaction step
calculated by the conversion differential method from analyses at four 
different heating rates: 2, 5, 10 and 20 ºC·min
-1
. 
Considering the residues in the TG analyses to be zinc oxide 
(ZnO), the ZIF-8 contents were calculated in all the composite 
materials. A significant dependence of the size & distribution of 
the MOF loading on the thermal stability was deduced, since an 
almost 3-times lower nanosized ZIF-8 loading (16.3 wt% in the 
NanoZIF-8@PSf) caused a similar loss of thermal stability as in 
the highly MOF-loaded composite materials (MMM48@PSf and 
MicroZIF-8@PSf, mixed matrix and supported membranes, 
respectively). Table 2 shows how nanosized ZIF-8 degraded at 
a slightly lower temperature (maximum weight loss rate at 444 
ºC versus 458 ºC for the microsized ZIF-8) and led to ZnO 
residue particles of 74±9 nm on average (Figure S15). Nano-
MOF crystals in situ grown on a porous PSf support completely 
coated the polymer surface and the inner porosity, thus 
providing more accessible metallic active sites and therefore a 
more efficient catalytic degradation of the polymer as compared 
with the microsized ZIF-8 (48.4 wt% but not completely covering 
the polymer surface, with 201±23 nm sized ZnO residue 
particles). Nanosized ZIF-8 continues to degrade until around 
600 ºC, displaying a strong dependence of the weight loss 
curves on the crystal size.[15] In any event, the highest 
degradation temperature decrease (-96 ºC) and the lowest 
apparent activation energy (68 kJ·mol-1) were both observed in 
the oxidation step of the MMM48@PSf MMM containing a 43.3 
wt% filler load and a homogeneous distribution, as shown in 
Table 1. 
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[a] Averaged from SEM images (Figures 1 and S15). [b] Apparent activation 
energy of the ZIF-8 degradation calculated by the conversion differential 
method from analyses at four different heating rates (Figures S16 to S18). 
Finally, some effect on the ZIF-8 stability when embedded 
inside the PSf support can be deduced, since the apparent 
activation energy for nanosized ZIF-8 pure powder (208 kJ·mol-1, 
Table 2) was higher than that observed during the thermal 
decomposition stages of the composite materials (154 kJ·mol-1 
in NanoZIF-8@PSf and 129 kJ·mol-1 in MMM48@PSf). These 
Ea decreases were related to a delayed and therefore a faster 
degradation reaction of the ZIF-8 when forming a composite 
membrane, being higher in the case of the MMM, as expected. 
MOF and polymer decomposition took place in an 
indistinguishable stage in the composite materials at maximum 
weight loss rate temperatures (Tmax) of 469 and 475 ºC for 
NanoZIF-8@PSf and MMM48@PSf (Table 1), respectively, 
while the pure powder degraded at 444 ºC. The polymeric matrix 
would then act as a shell that protects the MOF particles in the 
membrane, also indicating a good interaction and compatibility 
between them. 
In summary, the size and distribution of the MOF material 
(both as filler and coating the surface) were found to be directly 
related to the thermal stability loss of the resulting composite 
polymeric membranes. In the system studied herein, Zn metal 
clusters contained in the ZIF-8 acted as catalysts in the two-step 
polymer (PSf) degradation, which took place at much lower 
temperatures than in the pristine polymer. An important 
decrease was observed in the apparent activation energies 
calculated by three different methods from TG curves taken at 
different heating rates. Nanosized ZIF crystals forming a surface 
layer were more catalytically effective than microsized crystals, 
and when acting as fillers in a MMM. 
The interactive filler-matrix effect on the thermal stability was 
analyzed and quantified from TG data from both mixed-matrix 
and supported membranes. Interaction in both ways was 
observed: besides the influence of MOF on the PSf, some 
protective effect of the PSf on the ZIF-8 degradation was also 
detected. This study deepens our understanding of the 
composite membranes in which the addition of fillers (including 
MOFs) is becoming widespread. The consequences of the 
addition of these next-generation materials may involve 
important limitations or negative restrictions on usability for the 
industrial application of these membranes, such as the loss of 
thermal stability studied here. 
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COMMUNICATION 
Important side effects arise from the 
addition of fillers to polymers and 
might affect the rapid development of 
new ecofriendly membrane 
technologies. Fillers were originally 
intended to improve polymer 
properties, but the presence of a 
metal-organic framework containing 
zinc metal particles in polysulfone 
decreases its thermal stability. Filler 
size and distribution dependence on 
the kinetic parameters have been 
measured. 
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